Purpose: To demonstrate that high-resolution biometry is possible in mouse eyes in vivo, using real-time OCT with focal plane advancement by a stepper motor.
Introduction
Accurate measurements of ocular dimensions are prerequisites for studies on development of refractive errors in animal models and humans. The mouse has become a useful model for ocular developmental studies because of the availability of several unique strains with known genomes (Mouse Genome Sequencing Consortium, 2002; Schaeffel, Burkhardt, Howland, & Williams, 2004; Schaeffel, Simon, Feldkaemper, Ohngemach, & Williams, 2003; Schippert, Burkhardt, Feldkaemper, & Schaeffel, 2007; Zhou & Williams, 1999a q Grant/financial support: This study was supported by research Grants from Chinese National Key Technologies R&D Program, Beijing, China (2007BAI18B09 to Lu), the National Natural Science Foundation of China (30500549 and 30600227), and Zhejiang Provincial Natural Science Foundation of China (R205739 to Zhou and Z205735 to Lu) . Proprietary interests: The authors have no proprietary interest in any materials or methods described within this article.
to measure ocular dimensions in mice, such as frozen sections, digital calliper, and optical low coherence reflectometry (Beuerman, Barathi, Weon, & Tan, 2003; Schmucker & Schaeffel, 2004a; Tejedor & de, 2003) . However, ocular dimensions from frozen sections are unreliable (Tejedor & de, 2003) and not sensitive enough to describe the changes of ocular growth (Remtulla & Hallett, 1985; Schmucker & Schaeffel, 2004b; Zhou & Williams, 1999b) . A-scan ultrasonography is a standard technique for in vivo biometry in vertebrate eyes. However, it is not suitable for animals with very short eye axial lengths and steep corneal curvatures like that of the mouse. Firstly, the contact area of the ultrasound transducer is too small to transmit sufficient sound energy into the eye for a satisfactory signal to noise ratio because of the steep curvature of the mouse cornea. Secondly, most ultrasound transducers focus their energy at a certain distance which is adapted to the length of the human eye. But the axial length of the mouse eye is very short not to obtain interpretable echoes. Finally, the spatial resolution of ultrasound devices is limited by their wavelength and, typically, does not exceed 40 lm, equivalent to almost 10D in a mouse eye (Schmucker & Schaeffel, 2004b) .
Recently, mouse ocular dimensions were measured in vivo (Schmucker & Schaeffel, 2004a ) using a non-contact device, the optical low coherence interferometer (OLCI). The only OLCI device that is available for measurements in mice is the ''ACMaster" (Meditec, Carl Zeiss, Jena, Germany). This instrument is based on optical low coherence reflectometry, which was originally developed for measurements of the anterior depth and lens thickness in living human eyes. The axial eye length, cornea thickness, and anterior chamber depth were obtained for the mouse eye (Schmucker & Schaeffel, 2004a) . However, other ocular dimensions could not be studied due to the small size of the pupil, the large dioptric power of the mouse eye, and the lack of voluntary fixation. So far there has been no technique that measures the in vivo dimensions of the lens, which makes up approximately 60% of the total axial length (Schmucker & Schaeffel, 2004b) , and the vitreous chamber in the mouse. Evidence from other animal models of myopia, such as the monkey and guinea pig, suggests that the axial length is elongated and vitreous chamber is the major component related to myopic changes in the refractive state (Howlett & McFadden, 2006; Wiesel & Raviola, 1977) . Thus, the results obtained by OLCI and other techniques may be compromised with the lack of information about the lens and the vitreous chamber.
In the present study, we developed a novel technique to measure all dimensional variables in the mouse eye in vivo using optical coherence tomography (OCT) in which the plane of focus was advanced through the entire axial length of the eye. The variables measured included thicknesses of the cornea, lens, retina, and the lengths of anterior chamber, vitreous chamber, and total axial length.
Materials and methods

Animals
The study was approved by the Animal Care and Ethics Committee at Wenzhou Medical College (Wenzhou, China). The experiments were conducted according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Nine C57BL/6 wild type mice from two litters were obtained from the animal breeding unit at Wenzhou Medical College. All animals were raised in groups of four in standard mouse cages with a 12-h light/dark cycle.
Instrumentation
A real-time custom OCT was developed to measure the in vivo ocular dimensions of mice. The configuration of the OCT was described in a previous study (Wang, Aquavella, Palakurn, & Chung, 2006) . Briefly, the OCT light source was 1310-nm center wavelength with a bandwidth of 60 nm. The axial resolution of the OCT system in tissue was about 10 lm. With the similar OCT, the repeatability of measuring corneal thickness has been reported as 2-3 lm (Muscat, McKay, Parks, Kemp, & Keating, 2002; Wang, Fonn, Simpson, & Jones, 2002) . A light delivery system (probe) with a telecentric optical design was mounted on a stepper motor (T25X, Thorlabs, Newton, NJ), which was controlled by a driver (ODC001, Thorlabs, Newton, NJ) connected with a computer (Fig. 1) . The moving probe enabled continuous focusing through the corneal apex to the retina along the ocular axis of the mouse eye. With the probe, a video viewing system was incorporated for facilitating the alignment of the imaging. The mouse was held in a cylindrical holder made from a 50-ml syringe. The mouse holder was mounted on a 6-axis positioning stage (Fig. 2 ), as described in previous studies (Omer et al., 2007; Ruggeri et al., 2007) . The system allowed positioning the mouse precisely and aligning the optical axis of the mouse eye with the axis of the probe. This was achieved by detecting the specular reflex on the corneal apex and on the back apex of the lens in the OCT two-dimensional images.
Two central crossing lines were set on the OCT real-time, twodimensional display as a guideline for location. Apices of the curved surfaces, such as the cornea and lens, were aligned with the intersection of the two crossed lines. A specular reflex on the OCT image confirmed the perpendicularity of the OCT beam to the central cornea, lens, and retina ( Fig. 3) . When the specular reflex of each curved surface was detected, the location in the stepper motor was manually recorded by an operator. The endpoints included the front and back surfaces of the cornea and lens, the nerve fiber layer, and the retinal pigment epithelium (RPE). The resolution of location with the precision of stepper motor was 1 lm according to the manufacturer. The precision of stepper motor was verified by measuring the travel distance of 5000 lm 10 times using a dial caliper with 1 lm resolution. The means ± SD of the differences between stepper motor and the physical distance was À0.18 ± 1.5 lm. Therefore, the accuracy of the stepper motor was within 2 lm.
The distances traveled between two interfaces were calculated to represent the dimensional variables (Fig. 3) . The measured variables included corneal thickness, anterior chamber depth, lens thickness, vitreous chamber depth, and retinal thickness. The vitreous chamber depth was defined as the distance from the back of the lens to nerve fiber layer of the retina. The retinal thickness was defined as the distance between the nerve fiber layer and the RPE. During the measurements, the entire probe advanced continuously when the motor was triggered and the position was continuously shown on the computer which drove the motor. When the location of the every interface was determined, the data were copied from the computer monitor. The traveled distance from the apex of the corneal front surface was recorded as the measurement. It took about 4 min to run three repeated measurements.
The refractive indices for the calculation of dimensional variables were as follows: 1.4015 for cornea, 1.3336 for aqueous, and 1.3329 for vitreous, 1.334 for axial length (Remtulla & Hallett, 1985) , and 1.351 for retina (Hughes, 1979) . The refractive index of the lens was calculated by linear regression of the inhomogeneous lens index versus age (y = 0.0005Â + 1.557, R 2 = 0.98) (Schmucker & Schaeffel, 2004a ).
Study procedure
Each eye of nine 29-day-old C57BL/6 mice was imaged on two consecutive days. All measurements were performed between 2 and 5 PM. Prior to the measurement, the mice were anaesthetized with a subcutaneous injection of 0.10-0.20 ml of a mixture of 2.4 ml 15% ketamine hydrochloride and 0.8 ml 2% xylazine hydrochloride, which was dissolved in 6.8 ml sterile saline. Subsequently, the mice were placed in the cylindrical holder and mounted on the positioning stage in front of the optical scanning probe. An operator made a first coarse adjustment of the position of the mouse eye using the digital video system until a clear image of mouse eye was located in the marked circle on the screen. The operator then precisely aligned the OCT image until all reflective surfaces were observed as the OCT focal plane, driven by the stepper motor, was moved from the anterior cornea to RPE layer.
Each eye was imaged along the entire axial length three times on each of the two consecutive days. Measurements from those three images were averaged to determine the mean and standard deviation. To minimize the anesthesia time, all of the measurements were performed by a single operator (JX) and were done within 4 min. The positions of the ocular reflective surfaces were recorded by another operator.
Statistical analysis
Data analysis was conducted using SPSS version 13.0 for Windows XP (Cary, NC). Paired t-tests were used to determine if there were differences (p < .05) on the two consecutive days or between left and right eyes. The repeatability was calculated as the standard deviation of the differences of two repeated measurements on consecutive days. The degree of repeatability was also determined by the averaged standard deviations of the repeated measurements on consecutive days in individual eyes as used in a previous study (Schmucker & Schaeffel, 2004a) . The correlations between the data obtained on two consecutive days were also determined.
Results
The OCT images of the entire anterior and posterior segments, including the cornea, the anterior and posterior surfaces of the lens, the vitreous, and the retina, were successfully obtained in both eyes of all mice (Fig. 3) . The measured average corneal thickness from 18 eyes at the age of 29 days was 90.8 ± 4.6 lm, anterior chamber depth 707.4 ± 21.4 lm, lens thickness 1558.7 ± 18.0 lm, vitreous chamber depth 707.4 ± 21.4 lm and retinal thickness was 186.9 ± 15.1 lm. Total axial length (from the corneal apex to the nerve fiber layer of the retina) was 3003.3 ± 44.1 lm. The standard deviations of three repeated measurements in the same eyes for ocular dimensions ranged from 0 to 27.5 lm (Table 1) . None of the variables were significantly different if measured on two consecutive days (p > .05, paired t-test). The average standard deviation for the axial length on two consecutive days was 13.0 ± 8.8 lm ( Table  1 ). The average standard deviations for anterior chamber depth, lens thickness, and vitreous chamber depth were Fig. 2 . The mouse was placed in a cylindrical holder made from a 50-ml syringe. Cutouts in the cylinder accommodated the eyes, ears, and nose of the mouse. The holder was mounted on the stage which was custom-built to provide movement in six axes.
viewing system stepper motor scanning lens fiber-optic collimator Fig. 1 . A telecentric OCT beam delivery system with a stepper motor. The system was composed of three parts: a fiber-optic collimator, a galvanometerscanning mirror, and a scanning lens. The viewing system was incorporated into the beam delivery system through the scanning lens. The whole system was mounted on a stepper motor.
4.4 ± 3.5 lm, 5.1 ± 3.9 lm, and 10.8 ± 8.2 lm, respectively. The average standard deviation for retinal thickness was 9.4 ± 5.7 lm. Further, no significant differences were found between measurements in the left and right eyes (p > .05, paired t-test). There were high correlations (axial length r = 0.870, Fig. 4A , corneal thickness r = 0.792, Fig. 4B , anterior chamber depth r = 0.911, Fig. 4C and lens thickness r = 0.879, Fig. 4D , all significant at p < 0.001). Also vitreous chamber depth and retinal thickness were significantly correlated (r = 0.642 Fig. 4E and r = 0.508 Fig. 4F , respectively, p = 0.004 and p = 0.031).
Discussion
Schmucker and Schaeffel used the OLCI deep scan reflectivity profile of the entire mouse eye to obtained dimensional information (Schmucker & Schaeffel, 2004a) . In their study, the corneal thickness, anterior chamber depth, and axial length were measured. However, information regarding lens thickness and vitreous chamber depth was absent due to the weak reflectivity at the back surface of the lens. This could indicate that the incident OCT beam was not properly aligned with the ocular axis. Such misalignment could result in measurement errors in addition to the inability to acquire data for lens thickness and vitreous chamber depth. The OLCI is an A-scan type instrument, and it may not be possible to easily adjust the scan alignment to obtain the location of the back surface of the lens. The location of the back surface of the lens was detected by the OLCI method, as reported in the previous study (Schmucker & Schaeffel, 2004a) . The IOL Master (Carl Zeiss Meditec, Dublin, CA, USA) has been used to measure the axial length of human eyes; however, it is also an A-scan type instrument with the same limitation as the OLCI. Due to the alignment design for the relatively large human eye, it is not suitable for measurements of the mouse eye. In the present study, the two-dimensional images of our OCT instrument facilitated alignment of the specular reflexes that ensured proper alignment of the incident beam. In addition to the alignment of the OCT beam, the stepper motor, which advanced the beam in micrometer increments, recorded the locations of the AL, axial length; CT, cornea thickness; ACD, anterior chamber depth; LT, lens thickness; VCD, vitreous chamber depth; RT, retinal thickness. a ''Day 1" was in fact day 29, and ''Day 2" was in fact day 30 of age. b The range of standard deviations (SD) of 3 repeated measurements in the same eye. c The average standard deviation (ASD) for each ocular dimension measurement is the average of all standard deviations for all eyes obtained in repeated measurements on two consecutive days.
d The p-values are for comparisons between days. Fig. 3 . Reconstructed OCT image. The OCT image was reconstructed from multiple scans at different depths. The focal plane was moved by the stepper motor from the corneal apex to the retina. The depth information was recorded by custom software which drove the motor. From the reconstructed image, a reflectivity profile was generated in which each peak represented an interface as marked. The axial information was obtained from the stepper motor as described in the Section 2.
imaged surfaces or interfaces. This enabled the precise measurements of each of the dimensions. Biometry measurements have often been obtained from the distance between two locations in one OCT image. For instance, corneal thickness was directly measured using a real-time OCT (Wang et al., 2006) similar to our OCT, and the anterior chamber depth was estimated by a commercial OCT (Visante, Zeiss) (Li et al., 2007) . These measurements were limited to the maximum distance of the image depth. Currently, there is no OCT available with ultra-deep scan capability to cover the entire mouse eye. Our novel method is similar to confocal microscopy in that both acquire dimensional measurements by focusing through the eye. Using confocal microscopy, focusing through the en-face view allows the identification of surfaces or layers. Using our method, the cross-sectional image showing the apices of the curved cornea and lens served as the indicator of the surface. Clearly, confocal microscopy cannot traverse long ranges. In contrast, our method can traverse up to 20 mm, dependent on the stepper motor. Using this technique, the lens thickness and vitreous chamber depth for 29-day-old mice were determined in vivo as 1558.7 ± 18.0 lm and 707.4 ± 21.4 lm, respectively. As a result, to the best of our knowledge, this is the first report to measure the in vivo lens thickness and vitreous chamber depth in mice.
Although our values may have no absolute relationship to those recorded by other authors since mouse strains and strains rose under different conditions may not have exactly the same dimensions. The majority of our results were within the published values in the literature. Our mean value for the axial eye length, 3003 lm in the 29-day-old mice, is smaller than the 3160 lm recorded by the OLCI method (Schmucker & Schaeffel, 2004a) . This could be due to the different definitions of the axial length used in each method. For OLCI, the axial length was defined as the distance between the anterior cornea and RPE layer. In contrast, the axial length in our study was determined 
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Day 2 as the distance between the anterior corneal surface and the nerve fiber layer. Therefore, the difference would be the thickness of the retina, which was 186.9 lm. This value for retinal thickness is close to those obtained by OCT, 178 lm (Omer et al., 2007) , and from frozen sections, 170-180 lm (Schmucker & Schaeffel, 2004b) . The axial length reported in frozen sections in mice of the same age (Schmucker & Schaeffel, 2004b) was larger than the in vivo methods reported previously (Schmucker & Schaeffel, 2004a ) and in the presented study. This may be due to artifacts induced by freezing. Our estimation of the anterior chamber depth is very close to that obtained using OLCI; however, it is about 40 lm bigger than that obtained using frozen sections (Schmucker & Schaeffel, 2004b) . There are no in vivo measurements of mouse lens thickness and vitreous chamber depth. However, they have been measured in frozen sections (Schmucker & Schaeffel, 2004b) . Our measurements of lens thickness and vitreous chamber depth are about 100-200 lm smaller than those obtained from the frozen sections (Schmucker & Schaeffel, 2004b) . The difference for the lens could be due to the value of the refractive index we used, 1.5715, which was based on the theoretical formula. This calculated value could be higher than the actual value for the lens and vitreous. In a similar study of frozen sections (Hughes, 1979) , the calculated equivalent homogeneous refractive index of the lens of the schematic eye was higher than what is biologically possible.
The difference in estimates of vitreous chamber depth may have two causes. One may be due to the different methods, in vitro versus in vivo, for the measurements of the vitreous chamber depths. Additionally, measuring from different margins of the vitreous chamber may have contributed to the different estimates of depth. In frozen sections, the vitreous chamber depth was taken as the distance between the posterior surface of lens and the optic disc (Schmucker & Schaeffel, 2004b) . In our study, the vitreous chamber depth was taken as the distance from the posterior surface of lens to the nerve fiber layer along the optical axis.
The repeatability of this novel method for ocular biometry is good and appears sufficient for studying the growth of the eye in mice. The correlations of the biometrical data from two consecutive days were high. The anterior chamber depth was determined with a mean standard deviation of 4.4 lm, about 1.4%, in the present study, which is better than the OLCI method achieved 3.2% (Schmucker & Schaeffel, 2004a) . The axial length was determined with a mean standard deviation of 13.0 lm, about 0.4%, which is similar to that obtained by the OLCI method, 0.3% (Schmucker & Schaeffel, 2004a) .
There are several factors that may contribute to measurement error in this study. Manual measurement and subjective judgment of the interface position may cause measurement errors. This type of error would be randomized and may be reduced by increasing the sample size. Development of automated determination of the interfaces may improve the precision. As with all in vivo measurements, movements of the animal due to breathing and the heart beat could also induce measurement errors.
In conclusion, we demonstrated a novel method to measure all dimensions of the mouse eye by applying real-time OCT in conjunction with a moving focal plane. The method had good repeatability, and the results were similar to those reported in the literature. This method may be used to monitor the growth of the eye in normal mice and in strains that have developmental conditions such as myopia.
